and quantitative autoradiography, we estimated tissue pH (pH,) and intracellular pH (pHi) in nine regions of the normal rat brain and in intracerebrally implanted RG-2 gliomas, Calculations of regional pH" based on equilibrium tissue and arterial plasma r14CjDMO concen tration, ranged from 6,83 to 6,94; pHi' calculated as suming an extracellular water volume of 0,15 ml/g for gray matter and 0,11 mllg for white matter, ranged from 6,61 to 6,78, No consistent difference was found in pH, or pHi between white and gray matter regions, Tumor Abbreviations IIsed: BBB, blood-brain barrier: DMO, di methyloxazolidinedione: rCBV, regional cerebral blood volume.
Accumulating evidence that changes in intracel lular pH (pHj) may accompany or modulate a va riety of biochemical and biophysical processes (Busa and Nuccitelli, 1984) has led to a renewed interest in the measurement of pHj. Using 14C-la beled dimethyloxazolidinedione (DMO) and quan titative autoradiography. we obtained preliminary measurements of regional brain and tumor pH in normal rats and in rats with leptomeningeal tumor. In both control and tumor-bearing animals. white matter was slightly but consistently more acidic than gray matter, whereas tumor was more alkaline than any brain region examined (J unck et al.. 1981) . Similar preliminary results were obtained in rats with intracerebrally implanted RG-2 gliomas (Rot tenberg et aI., 1984) . These findings are somewhat surprising, given the characteristically high rate of not more "acidic" than adjacent brain tissue and its "al kaline" pH, probably reflects a large extracellular water content and plasma-like extracellular pH. Key Words: Brain tumor pH-Quantitative autoradiography, anaerobic glycolysis and lactic acid production in tumor tissue (Warburg, 1930) . The present study was undertaken to (a) extend our previous measurements of regional brain/tumor pH to intracellular pH, (b) define the uncertainty in [14C]DMO quantitative autoradiographic measure ments of brain and tumor pH, and (c) determine whether the paradoxical "alkalinity" of prima ry and metastatic brain tumors-as determined by [14C] DMO quantitative autoradiography and [IIC]DMO positron emission tomography (Rotten berg et aI., 1985) -can be attributed to a large plasma-like extracellular space. Our results suggest that the pHj of tumor cells is not significantly dif ferent from that of neighboring brain cells.
MATERIALS AND METHODS
RG-2 tumor cells were implanted intracerebrally into male CDF rats using a freehand injection technique (Gro othuis et aI., 1983h) . The cells. obtained from a frozen stock. were thawed and grown in tissue culture before being pelleted and resuspended for injection in methyl cellulose solution; � 10 -4 cells were injected in a total volume of 2 , .. d. Representative tumored animals were autopsied at 2 .. to 3 .. day intervals following an intravenous injection of Evans blue dye to aid in the identification of tumor. On the fourteenth day post inoculation, a I-mm tumor was identified in an autopsied animal, and the au toradiographic experiments described below were begun the following day. Rats weighed 125-145 g at the time of study.
Prior to the injection of [14C]DMO. unilateral femoral arterial and venous catheters were placed under Ethrane/ nitrous oxide anesthesia; V -I tubing was used for the ve nous catheter, PE-50 or V -I tubing for the arterial cath eter. After surgery the animals were loosely restrained with masking tape on a lead block and were allowed to recover for 2 h, during which time their body temperature was maintained in the range of 35 to 37°C by means of a heat lamp connected through a thermostat to a rectal tem perature probe. Arterial blood pressure was continously monitored by means of a Hewlett-Packard model 1280C pressure transducer and stripchart recorder.
Immediately prior to radiopharmaceutical injection. 0.5 ml of arterial blood was analyzed for pH. Peoo. and POo using a Corning model 168 pH/blood gas anilyzer. An intravenous bolus of 10 mg/kg cold DMO in 0.25 ml neu tral saline was injected to saturate '"reverse" choroid plexus transport of DMO from CSF to blood (Rollins and Reed, 1970) , followed by 50 JLCi of [14C]DMO (specific activity 55 mCi/mmol; Amersham) in 0.25 ml saline. The intravenous catheter was then flushed with 0.5 ml saline and the animal maintained for 2 h to allow for equilibra tion of DMO between blood and brain (Kearfott et al.. 1983) . During this 2-h period. arterial blood was sampled every 30 min for the determination of pH. Peoo. POo. and plasma [14C]DMO concentration. Immediately following the final blood sample, the rats were decapitated and their brains removed and frozen in liquid Freon cooled in dry ice. The frozen brains were coated in M-I embedding matrix (Lipshaw) and stored at -80aC for subsequent sectioning.
Plasma [14C]DMO concentration was measured by liquid scintillation counting using a Packard model 3380 Tri-carb liquid scintillation spectrometer. Blood samples were centrifuged. and 40-JLI aliquots of plasma were pi peted into tared scintillation vials and weighed. Fifteen milliliters of scintillation fluid (ACS; Amersham) was then added to each vial. and the vials were shaken and allowed to cool in the spectrometer before counting. Quench correction was accomplished by means of ex ternal standardization. [14C]DMO was analyzed for radio chemical impurities by thin-layer chromatography using two solvent systems (chloroform/methanol and hexane/ ether/acetic acid). Radiochemical purity was >96%.
Autoradiographic experiments using 14C-Iabeled su crose were performed according to the same protocol. except that the renal pedicles were ligated to prevent ex cretion of tracer. Fifty microcuries of [14C]sucrose (spe cific activity 552 mCi/mmol; Amersham) in 0.25 ml of an aqueous solution containing 3% ethanol was administered to each animal, and arterial blood was sampled at 30-min intervals for the determination of pH. Peoo. and [14CJ_ sucrose concentration (plasma).
-Frozen brains were warmed to -20°C and sectioned with a motor-driven Bright 5030 microtome (Hacker In struments); 20-JLm-thick coronal sections were taken at I-mm intervals beginning 2 mm caudal to the frontal pole; the sampling intervals were reduced to 600 JLm through the levels containing tumor. At each level. two sections were taken for histological staining (hematoxylin and eosin) followed by four sections for autoradiographic analysis and two additional histological sections. Auto-J Cereb Blood Flow Metabol. Vol. 5, No.3, 1985 radiographic sections were dried and mounted as de scribed by Sokoloff et al. (1977) and exposed for 2 weeks to Kodak SB-5 x-ray film. A set of 20-JLm [14C]methyl methacrylate standards was included in each film cas sette. After development. autoradiographic images were digitized for computer analysis using an EyeCom II Vid icon-based digitizer/image analysis system (Figs. I left and 2 left). Autoradiographic images of the [14C]methyl methacrylate standards were used to create a calibration curve relating optical density to tissue 14C radioactivity concentration (nCi/g). Regions of interest were selected on [14C]DMO autoradiograms using corresponding his tological sections to aid in the identification of tumor and normal anatomical structures (Figs. 1 right and 2 right). Normal brain regions. defined with reference to serial histological sections. included frontal/parietal and tem poral cortex. dorsal hippocampus. striatum. thalamus. corpus callosum. cerebellar white matter. inferior collic ulus. and sensory root of the fifth cranial nerve. Since tumors were implanted in the right hemisphere. control regions were routinely taken from the left hemisphere; however. right hemisphere regions of interest were uti lized whenever possible.
Tumor and brain tissue (mixed white and gray matter) water content was determined by drying tissue samples to constant weight. Rats injected with RG-2 cells as above were allowed to become symptomatic (e.g., hemiparetic) before being sacrificed. The brains were rapidly removed and cut in sagittal section. Using blunt technique. tumor was dissected from the right hemisphere, placed in a tared vial, and weighed. The nontumored (left) hemisphere was divided into thirds by two coronal cuts, and the middle third was stripped of its meninges and surface vasculature and weighed. To minimize water loss due to evaporation. the dissection and tissue sampling were performed on a glass plate cooled over ice. Vials containing tumor and brain tissue were placed in a vacuum dessicator with PcO, and dried under vacuum to constant weight.
THEORY AND CALCULA nONS pHi was calculated from the observed distribution of DMO in gray and white matter and intracere brally implanted RG-2 glioma tissue as described by Waddell and Butler (1959) . It is assumed that the undissociated species (HDMO) permeates cell membranes freely but that DMO -does not (Keifer and Roos, 1981) , that at equilibrium the concentra tion of HDMO is the same in all compartments, and that the DMO-IHDMO ratio in any compartment can be calculated using the Henderson-Hasselbach equation,
where pKa is the apparent ionization constant of DMO. Thus, if the concentration of DMO in tissue water, Ct; the concentration of DMO in extracel lular water, Ce; the volumes of extracellular and intracellular water, V e and V i ' respectively; and ex tracellular pH, pHe are known, and pKa' the ap parent ionization constant of DMO, is assumed to be 6.13, pHi can be calculated as For the two-compartment system blood versus brain, one can define an aggregate tissue pH, pH" in terms of the tissue-plasma DMO concentration ratio and arterial plasma pH:
where pH p is arterial plasma pH, the pKa of DMO is 6.13, and C, and C p are the concentrations of DMO in tissue water and arterial plasma water, re spectively. C/C p is the tissue/plasma partition coef ficient for DMO. Assuming two tissue compart ments (intracellular water and extracellular water),
pH, may be considered as a "weighted average" of pH in the two compartments pH i and pHe, that is,
where Ie and f. are the fractional volumes of the ex tracellular space and intracellular space, respec tively (Roos ·and Boron, 1981) .
Calculation of pHi using Eg. 2 implies prior knowledge of pHe and Ceo Kobatake et al. (1984) assumed that pHe = pH p and that C e = C p o Though this assumption may be valid for tumor tissue if the blood-brain barrier (BBB) is deficient, it is prob ably not valid for normal gray and white matter. If The use of intravenously injected [14C]sucrose to estimate extracellular water volume in RG-2 tumor tissue assumes that all sucrose that diffuses into the tissue is confined to the extracellular space and that the extracellular sucrose concentration has attained its equilibrium value at the time of sacrifice, i.e., 2 h post injection. The ratio of tissue [14C]sucrose concentration (cpm/g) to arterial plasma [14C]_ sucrose concentration (cpm/g) yields an estimate of the distribution volume of sucrose relative to plasma (viz., g plasma/g tissue). Correction of these measured concentrations to account for tissue and plasma water content yields estimates of frac tional extracellular water volume (ml extracellular water/g tissue water) and extracellular space (ml ex tracellular water/g tissue).
RESULTS
For all animals treated with [14C]DMO and [14C]sucrose, blood pressure at the time of death ranged from 90 to 125 mm Hg. Arterial pH ranged from 7.39 to 7.46, arterial Peo 2 from 33.6 to 41.3 mm Hg, and arterial P0 2 from 88.6 to 102.5 mm Hg. Implanted RG-2 tumors measured 1.3 -7.2 mm (largest diameter in histological sections). There was no microscopic evidence of tumor necrosis, and [14C]DMO autoradiographic images of tumor implants were generally of uniform density (Fig. 1) .
The results of rI4C]DMO autoradiographic deter mination of regional tissue pH and intracellular pH in normal rat brain are presented in Ta ble 1. Each pH value represents the average of calculated re-gional pHt or pHj values from six experimental an imals. It was assumed that gray matter tissue water content was 0.81 ml/g, gray matter extracellular water volume was 0.15 ml/g, white matter water content was 0.69 ml/g, and white matter extracel lular water volume was 0.11 ml/g (Pelligrino et aI., 1981; Petito et ai., 1982) . Calculated regional pHt ranged from 6.83 to 6.94, whereas regional pHj (fourth column) ranged from 6.61 to 6.78. No con sistent gray/white matter differences were ob served. The results of [14C]DMO autoradiographic determination of pHt and pHj in intracerebral RG-2 gliomas are presented in Ta ble 2. For the calculation of pHt, tissue water content was assumed to be 0.809 ml/g (see below). pHt ranged from 7.08 to 7.18 in the six animals studied; in each animal, tumor pHt was 0.1-0.2 pH unit higher than the highest measured "normal" brain pHt. pHj was calculated using our measured value of tumor extracellular space (17%; see following) and also using an as sumed value of 30% (see Discussion). For V e = 0.17, pHj ranged from 6.94 to 7.06 and exceeded the highest corresponding normal brain pHj by �0.2 pH unit. With V e = 0.3, pHj values ranged from 6.63 to 6.90 and were not consistently higher or lower than corresponding normal brain pHj values.
Estimates of tumor extracellular space based on tumor and arterial plasma [14C]sucrose concentra tion are presented in Ta ble 3. The apparent equilib rium sucrose distribution volume ranged from 0.16 to 0.22 ml/g. Ta king into account tumor and plasma water content, calculated extracellular space volume ranged from 0.142 to 0.200 ml extracellular water/g, with an average of 0.165 ml/g.
The average water content of intracerebral tu mors from five animals was 0.809 ± 0.006 gig (mean ± SD). The average water content of contralateral normal brain tissue was 0.781 ± 0.003 gig. 211.5 ± 21.0 6.89 ± 0.07 6.62 ± 0. 11 6.72 ± 0. 10 Inferior colliculus 27 1.4 ± 22. 1 6.92 ± 0.05 6.64 ± 0.08 6.75 ± 0.07 Sensory root V (n = 5) 19 1.0 ± 18.0 6.83 ± 0.05 6.48 ± 0. 10 6.6 1 ± 0.08 DMO" mean regional tissue DMO concentration, (nei/g); pHia, pHi calculated assuming pHe = pH p ; pHi b , pHi calculated assuming pHe = pH p -0. 1 pH unit (see text). Terminal arterial blood pH/gases (n = 6, mean ± SD): pH p ' 7.4 15 ± 0.03; Pco" 36.5 ± 1.2 mm Hg; Po" 95.6 ± 4.0 mm Hg. Terminal arterial plasma DMO concentratIOn (n = 6, mean ± SD): 854.8 ± 42.5 nei/g. U n = 6 except as noted. 
DISCUSSION
Our choice of the RG-2 tumor model for these studies was based on the published experience of Groothuis et al. (1983a,b) . Their quantitative auto radiographic studies of tumor blood flow and blood to-tumor transport of ex-aminoisobutyric acid sug gested that tumor-blood equilibration of DMO would not be limited by low tumor blood flow and that tumor DMO concentration would not vary markedly with tumor size or location.
Using the DMO or CO 2 method, previous authors have reported pHi values ranging from 6.9 to 7.1 for mammalian brain tissue (Messeter and Siesjo, 1971; Roos, 1971; Arieff et aI., 1976; Pelligrino et al.. 1981; Kobatake et aI., 1984) ; pHi values for extra- cerebral mammalian tissues have, in general, ranged from 6.7 to 7.3 (Roos and Boron, 1981) . Our ll4C]DMO quantitative autoradiography values for pHi in "normal" rat brain are �0.2-0. 4 pH unit lower than those reported by others, and it may be that some of our "control" regions (in tumored an imals) were histologically but not metabolically normal. Since our pH I values for normal gray and white matter regions (which depend on measured tissue and plasma DMO concentration and arterial plasma pH) are within 0.1-0.15 pH unit of those reported by Kobatake et al. (1984) and Hakim (1984) , discrepancies in calculated pHi values may also reflect differing assumptions about the magni tude of pHe and Ce. There are no previous mea surements of brain tumor pH against which to com- pare our auto radiographic estimates of pHt and pHi for intracerebrally implanted RG-2 gliomas.
The most likely sources of error in brain pH mea surement by the DMO method-and therefore the most likely explanation for discrepant results-are assumptions regarding (a) extracellular water volume, (b) extracellular pH, and (c) the effect of intravascular DMO on calculated pHt and pHi' Cremer and Seville (1983) estimated regional cere bral hematocrit and regional cerebral blood volume (rCBV) in adult rats using 51Cr-tagged red cells and 1 2 51-labeled human serum albumin: rCBV ranged from 6 J..L l/g (0.6%) for striatum to 14 J..L IIg (1.4%) for inferior colliculus. Rottenberg et al. (1984) analyzed the effect of intravascular DMO on pHt calculated from Eq. 3. Disregarding the difference between pe ripheral large-vessel and regional cerebral hemato crit, they determined that the error in pHt associ ated with an rCBV of 1% should be <0.02 pH unit, in the range of 6.8 < pHt < 7.0.
Until recently, the pH of brain extracellular fluid pHe could not be accurately measured, and values for CSF or blood plasma pH were substituted for pHe in the Waddell-Butler equation (1959) . Micro electrode measurements now suggest that, within the physiological range, pHe is consistently lower than plasma pH by �0.1 pH unit and that pHe follows fluctuations in arterial acid-base status more rapidly than does CSF pH (Cragg et al.. 1977; Davies and Nolan, 1982; Mutch and Hansen, 1984; R. P. Kraig, personal communication) . With specific reference to the pHi calculations in Table I , lowering the es timate of pHe by 0.1 pH unit increases pHi by 0.1-0.15 pH unit (fourth column). We consider the pHi b values in the fourth column to represent the situa tion most accurately in vivo.
Another major source of uncertainty in pHi is the assumed value of Ve, the volume occupied by ex tracellular water. Measurement of this volume, or brain extracellular space, is complicated by the presence of the BBB, which normally excludes blood-borne extracellular space markers such as su crose and inulin. When administered by ventricu locisternal perfusion, however, these markers rap idly equilibrate with brain extracellular space. Studies in the rabbit, monkey, cat, and dog have yielded extracellular space values of 15-20% (ml extracellular water/g tissue) for gray matter struc tures and 10-15% for white matter structures (Levin et aI., 1970; Blasberg et aI., 1975 Blasberg et aI., , 1983 Fen stermacher and Davson, 1982) . The extracellular spaee has not been reliably measured in rat brain, and we therefore assumed values of 15 and I I % for gray and white matter, respectively.
The sensitivity of calculated pHi to assumed ex- tracellular space water volume is illustrated in Fig.  3 . As is apparent from the figure, even if we assume gray matter extracellular space to be 10% and white matter extracellular space to be 6%, our pHi values fall slightly below those reported for mammalian brain by previous authors. Figure 3 also emphasizes the nonlinear relationship between extracellular space volume and calculated pHi' Little quantitative information is available about extracellular space volume in brain tumors. We therefore undertook to estimate this volume in in tracerebrally implanted RG-2 gliomas, assuming that the tumor-blood barrier was sufficiently permeable to allow measurement of the equilibrium tumor extracellular water/plasma water partition coefficient for sucrose within 2 h after [14C]sucrose injection (Groothuis et aI., 1981) . Our results (Table  3 ) suggest a sucrose space of �20%, but complete equilibration of sucrose may not have been achieved within the 2-h experimental period. In mice with intracerebral ependymoblastoma, Levin et al. (1972) demonstrated that inulin (mol wt 7, 000 daltons), a much larger molecule than sucrose (mol wt 342 daltons), requires 3-5 h to equilibrate be tween blood and a tumor extracellular space of �30%. We therefore consider our value of 17% as a lower limit for extracellular space in implanted RG-2 tumors. Tables I and 2 and Fig. 3 suggest that there is no significant difference between the pHi of normal rat brain and that of RG-2 tumor tissue, although tumor pHt is consistently higher than that of normal brain regions. This is surprising, inasmuch as many an imal and human tumors actively metabolize glucose to lactate, even under aerobic conditions (Warburg, 
1930)
, and tumor tissue is commonly regarded as relatively acidic. The clinical significance of our findings is that, under normal circumstances, the acid-base status of primary and metastatic tumors may not be sufficiently different from that of neu rons or glia to provide a basis for the selective ac tion of radiation or chemotherapy.
In conclusion, we have demonstrated the feasi bility of measuring brain and tumor pH using [14C]DMO quantitative autoradiography and have described the use of [I4C]sucrose quantitative au toradiography to measure brain tumor extracellular space. It is apparent from our results and from the above discussion that the accuracy of brain/tumor pH measurements using any weak acid technique is dependent upon the accuracy of prior or concomi tant measurements of rCBV, extracellular pH, and extracellular space volume. Given reasonable esti mates of pHe and Ve and careful experimental tech nique, it should be possible to measure pHi in normal brain regions and in primary and metastatic brain tumors with an uncertainty of less than ± 0.1 pH unit.
